Microwave mild hyperthermia and paclitaxel have been reported to be involved in variety of solid tumors. However, rare related researches have been accomplished via directly killing tumor cells using thermochemotherapy. In order to clarify the potential synergy between microwave-induced hyperthermia at temperatures <41˚C and paclitaxel chemotherapy for inhibiting the growth of the human breast cancer cell line MCF-7, an MTT assay was used. The MCF-7 cells cultured in vitro were treated with paclitaxel alone, treated with microwave-induced hyperthermia for 2 h alone (at 40, 40.5 or 41˚C), or treated with a combination of paclitaxel and 2 h of hyperthermia (at 40, 40.5 or 41˚C). Flow cytometry was used to determine the cell apoptosis rate and it was demonstrated that paclitaxel decreased cell viability in a dose-dependent manner. Alone, hyperthermia for 2 h at 41˚C induced apoptosis in MCF-7 cells, to a greater extent compared with hyperthermia for 2 h at 40.0 or 40.5˚C (P<0.05). Together, paclitaxel and 2 h of hyperthermia at 40.5˚C induced significantly increased apoptosis compared with either treatment alone (P<0.05). Increasing the temperature to 41˚C in combination with paclitaxel increased the apoptotic ratio from 12.21±1.02% to 16.36±2.39%. The apoptotic ratio correlated positively with hyperthermia temperature and duration following hyperthermia, as did the synergistic effect obtained by combining hyperthermia and paclitaxel. Notably, the combination of 5 µg/ml paclitaxel and 2 h of hyperthermia at 40˚C enhanced MCF-7 cell proliferation. Mild hyperthermia may exert anti-tumor effects by inducing apoptosis, and combining hyperthermia with paclitaxel synergistically induces apoptosis. Paclitaxel dose and hyperthermia temperature require careful optimization, as low-dose paclitaxel combined with hyperthermia at an insufficient temperature may enhance breast cancer proliferation.
Introduction
In 2015, 23,100 new cases of breast cancer were reported in the US alone, and the disease caused >40,000 mortalities, making it the second leading cause of cancer-associated mortality (1, 2) . Anthracyclines are the anti-tumor drugs most commonly used to treat patients with breast cancer, yet ≤50% of patients respond effectively to them (3) . Therefore, paclitaxel is frequently administered as supplementary chemotherapy, in order to increase the efficacy of anthracyclines. A meta-analysis study concluded that combining paclitaxel with anthracyclines leads to better overall survival of patients with metastatic breast cancer compared with either therapy alone (4) . On the other hand, numerous studies suggest that paclitaxel may only be given following anthracyclines, due to the dose-dependent cardiotoxicity of anthracyclines (5) (6) (7) , and that paclitaxel may cause febrile neutropenia in up to 32% of patients (4) . Furthermore, studies suggest that paclitaxel is more effective against breast cancer when used in combination, compared with on its own. However, one study has suggested similar efficacy for paclitaxel monotherapy as for combination therapy involving doxorubicin, cyclophosphamide and 5-fluorouracil (8) . Cumulative paclitaxel doses have been associated with notable toxic effects, including peripheral neurotoxicity, diarrhea and myalgia (9) . Therefore, examining novel combinations of paclitaxel with other treatments against breast cancer is essential for enhancing therapeutic efficacy and reducing paclitaxel-associated toxicity.
A potential treatment that may be effective in combination with paclitaxel is exposure to mild hyperthermia, in which artificial heating methods are used in order to increase local-or whole-body temperatures to 39.5-42˚C. The resulting heating and its secondary effects may kill cancer cells directly, or induce apoptosis. Induced hyperthermia may selectively kill tumor cells without damaging normal tissues (10) (11) (12) (13) (14) , and it may also sensitize cells to radio-and chemotherapy. Additionally, mild hyperthermia may reduce the toxic side effects of radioand chemotherapy through activation of the immune system, promoting the release of a large quantity of cytokines, and preserving hematopoiesis in the bone marrow (15) (16) (17) .
The optimal temperature for mild hyperthermia is controversial. Previous studies suggest that the minimum temperature for hyperthermia alone or combined with radio-or chemotherapy is 41-43˚C (18, 19) . Consistent with this, other studies have suggested that inducing hyperthermia at temperatures <41˚C inhibits tumor growth by activating the immune system, however it may not synergize with chemotherapy to kill tumor cells directly (20, 21) . On the other hand, previous studies have reported that whole-body hyperthermia at temperatures of ~39˚C may synergize with chemotherapy (21) .
The present study investigated whether paclitaxel and mild hyperthermia may synergize in order to inhibit the growth of the human breast cancer cell line MCF-7. In particular, the question of whether such synergy may occur at temperatures <41˚C was assessed.
Materials and methods
Cell culture, hyperthermia induction and treatment with paclitaxel. The human breast cancer cell line MCF-7 (Shanghai Institute of Biochemistry and Cell Biology, Shanghai, China) was cultured in standard cell culture plates containing RPMI 1640 medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in an incubator with 5% CO 2 and saturated humidity. Cultures were maintained at 37˚C (control), treated with paclitaxel alone, exposed to microwave-induced hyperthermia alone (at 40, 40.5 or 41˚C), or treated with the combination of paclitaxel and hyperthermia (at 40, 40.5 or 41˚C).
Hyperthermia was induced using a focused-beam microwave hyperthermia apparatus (UHR-2000; Huayuan Medical Equipment, Hunan, China) with an effective heating area >16x16x5 cm 3 . The target temperature (40, 40.5 or 41˚C) was reached within 60 min. Once the target temperature was reached, it was maintained for 2 h. The overall temperature fluctuated within a range of ±0.2˚C. Following hyperthermia, cultures were returned for 24 or 48 h to an incubator at 37˚C with a 5% CO 2 atmosphere and saturated humidity.
For treatment with paclitaxel, cells were seeded into 96-well plates. When cell density reached 5x10 3 /ml, paclitaxel (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), was added at the indicated concentrations and cells were cultured for 24 h.
MTT assay of cell proliferation. Cell proliferation following the different treatments was measured using the MTT Cell Proliferation Assay kit (Invitrogen; Thermo Fisher Scientific, Inc.). DMSO was used to dissolve the purple formazan. Absorbance was measured at 570 nm using Spectramax M2 microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA).
Apoptosis assay and determination of apoptotic ratio. At 24 and 48 h post-treatment, cultures were assayed for apoptosis using the Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit I (BD Biosciences, Franklin Lakes, NJ, USA). Cells were washed twice with PBS, centrifuged (78 x g at 37˚C for 5 min) and incubated with Annexin V-FITC/PI at room temperature in the dark for 30 min. During flow cytometry with CytExpert software (version 2.0; Beckman Coulter, Inc., Brea, CA, USA), FITC was detected with excitation at 488 nm and emission at 530 nm. Cells positive for Annexin V-FITC and negative for PI were defined as early apoptotic cells, while cells positive for Annexin V-FITC and PI were defined as late apoptotic cells. The ratios of cells in late to early apoptosis (apoptotic ratio) were calculated for each treatment group.
Statistical analysis. Data were analyzed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Continuous outcomes were expressed as the mean ± standard deviation. Data were presented as bar charts, and inter-group differences were assessed for significance by one-way analysis of ANOVA with a Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of mild hyperthermia on MCF-7 proliferation. At 24
and 48 h following hyperthermia at 40 and 40.5˚C, MCF-7 cells displayed epithelial-cell-like adherent growth and obvious, gradual cell contours; cells were connected to one another in a uniform arrangement. They displayed no obvious morphological differences compared with the control group. By contrast, at 24 and 48 h after hyperthermia at 41˚C, a proportion of MCF-7 cells shrank and became rounded, with decreased transparency and loose intercellular connections. However, the majority of cells still displayed epithelial-cell-like adherent growth, vague contours, intercellular connections and an overall healthy appearance. A small number of cells appeared to undergo morphological alterations consistent with apoptosis ( Fig. 1 ).
Effects of mild hyperthermia on MCF-7 apoptotic ratio.
Previous studies have reported that mild hyperthermia at 41˚C does not synergize with chemotherapy to kill tumor cells directly; instead, it exerts its anti-tumor effects by regulating the immune system. In the present study, the hypothesis that mild hyperthermia at temperatures <41˚C may induce anti-tumor effects by inducing apoptosis was tested. Therefore, cultures were exposed to hyperthermia at varying temperatures and the apoptotic ratios measured using flow cytometry. The apoptotic ratio was significantly higher following hyperthermia at 41˚C compared with the control incubation at 37˚C. The apoptotic ratio significantly increased from 6.11±0.45% at 24 h following hyperthermia, to 11.38±1.75% at 48 h following hyperthermia (P<0.01). The apoptosis ratio was also significantly higher at 48 h at 41˚C compared with 40 or 40.5˚C (P<0.05; Fig. 2 ). These results demonstrate that microwave-induced hyperthermia for 2 h at 41˚C alone may induce apoptosis in MCF-7 cells at 24 h later. Apoptosis was increased when hyperthermia involved higher temperatures, or when cultures were examined at later time points following hyperthermia. Effects of mild hyperthermia combined with paclitaxel on MCF-7 growth. The effective killing concentration with paclitaxel was determined under the MCF-7 culture conditions using the MTT assay: The 10% inhibitory concentration (IC 10 ) and 20% inhibitory concentration (IC 20 ) were found to be 5 and 10 µg/ml, respectively ( Fig. 3) . Cultures were treated with one of these doses of paclitaxel and incubated at 37˚C for 24 h. A proportion of cells appeared to shrink and become rounded, with decreased transparency, obvious contours and a dark brown color. A number of cells, likely apoptotic, floated in the culture medium. Over time, the number of apoptotic cells increased and the number of adherent, healthy-looking cells decreased.
Treatment with paclitaxel (5 or 10 µg/ml) was combined with hyperthermia for 2 h at 40, 40.5 or 41˚C. Cultures were observed 24 or 48 h later. In cultures treated with 5 µg/ml paclitaxel and hyperthermia at 40˚C, cell apoptosis was relatively rare; in fact, it was similar to the level of apoptosis observed in cultures treated with 10 µg/ml paclitaxel alone. By contrast, a notably increased number of dead cells, as a result of either apoptosis or necrosis, were observed in cultures treated with 5 or 10 µg/ml of paclitaxel in combination with hyperthermia at 40.5 or 41˚C for 2 h. The number of dead cells increased over time following hyperthermia (Fig. 4) .
Effects of mild hyperthermia combined with 5 µg/ml paclitaxel on the MCF-7 apoptotic ratio. To quantify the aforementioned visible differences in apoptosis observed, cultures were exposed to the IC 10 paclitaxel dose of 5 µg/ml, followed by exposure to 2 h of hyperthermia at different temperatures. The apoptotic ratio was measured at 24 or 48 h post-hyperthermia. Cultures were incubated with increasing paclitaxel concentrations, and proliferation was measured using the MTT Cell Proliferation Assay kit. Absorbance at 570 nm was determined using an enzyme-linked immunosorbent assay. IC 10 and IC 20 were determined to be, 5 and 10 µg/ml, respectively. IC, inhibitory concentration. At 24 h later, the apoptotic ratio was significantly higher in cultures treated with paclitaxel and hyperthermia at 40.5˚C (12.21±1.02%) compared with cultures treated with paclitaxel alone (8.54±1.24%), or hyperthermia alone (4.95±0.20%) (P<0.05). This indicated that paclitaxel and mild hyperthermia may act synergistically to induce apoptosis in MCF-7 cells.
The apoptotic ratio further increased, and the synergistic action became more notable with increasing hyperthermia temperatures (from 40.5˚C to 41˚C) (P<0.05 or 0.01), and with increasing lengths of time following hyperthermia (from 24 to 48 h) (P<0.05). Notably, a lower apoptotic ratio in cultures treated with paclitaxel and hyperthermia at 40˚C was observed compared with cultures treated with paclitaxel alone. This suggests that low-temperature thermo-chemotherapy may enhance the activity of MCF-7 cells (Fig. 5 ).
Effects of mild hyperthermia combined with 10 µg/ml paclitaxel on the MCF-7 apoptotic ratio. Similar to the aforementioned experiments conducted with 5 µg/ml paclitaxel, cultures treated with 10 µg/ml of the drug and exposed to hyperthermia for 2 h at 40.5˚C displayed a significantly higher apoptotic ratio at 24 h post-treatment (25.88±1.21%), compared with cultures treated with paclitaxel alone (16.87±2.59%), or hyperthermia alone (4.95±0.20%) (P<0.05). This provides further evidence to suggest that paclitaxel and hyperthermia may act synergistically.
This synergy became increasingly apparent at the higher hyperthermia temperature of 41˚C, since the apoptotic ratio was significantly higher (P<0.01). While the apoptotic ratio decreased between 24 and 48 h following hyperthermia, the number of necrotic cells increased (P<0.01), consistent with synergistic action.
The results from the current study with thermo-chemotherapy at two different paclitaxel doses demonstrate that mild hyperthermia may induce anti-tumor effects by inducing cell apoptosis. The results further suggest that at higher paclitaxel doses and with increasing lengths of time following hyperthermia, necrosis may become a secondary mechanism helping to drive the anti-tumor effects of thermo-chemotherapy ( Fig. 6 ).
Discussion
Over the last two decades, there have been continuous improvements in clinical hyperthermia technology; hence, exposure to hyperthermia has become a routine method for treating malignant tumors (22) (23) (24) . Numerous basic and clinical studies have demonstrated that the combination of hyperthermia with radio-or chemotherapy may significantly improve tumor control rates and prolong survival (25) (26) (27) (28) . The majority of these studies have suggested that 42-45˚C is the minimal effective temperature for hyperthermia induced by microwave or infrared radiation, or by incubation in a water bath (29) (30) (31) (32) (33) . This poses a challenge for clinical implementation, as 41.8˚C is considered the upper limit of whole-body temperature in humans, thus achieving temperatures of 42-45˚C places a substantial burden on patients and equipment.
Achieving whole-body hyperthermia of 38-41˚C may be technically and clinically more feasible (11) (12) (13) (14) , however various studies have reported conflicting results regarding whether hyperthermia at 40-41˚C exerts anti-tumor effects. One study reported that 90 min of hyperthermia at 39-41˚C activated cellular and humoral anti-tumor responses (34). In the present study, it was demonstrated that microwave-induced hyperthermia at 41˚C lasting for 2 h induced apoptosis in the human breast cancer cell line MCF-7. Apoptosis was increased following hyperthermia at 41˚C compared with 40˚C, and it was increased at 48 h following hyperthermia compared with at 24 h following hyperthermia. The results from the current study are consistent with previous work demonstrating that 2 h of hyperthermia at 41-44˚C induced apoptosis in the leukemia cell lines HL-60, K562 and TF-1star at 96 h post-treatment, with temperatures of 43-44˚C inducing the most obvious apoptotic morphology (35) . These results suggest that 2 h of hyperthermia at 41˚C may induce anti-tumor effects by inducing apoptosis. This justifies further preclinical studies into the potential of mild hyperthermia for treating cancer.
Although mild hyperthermia may be feasible in the clinic, available basic and clinical evidence suggests that hyperthermia on its own lacks the efficacy required for comprehensive treatment of malignant tumors (36, 37) . Therefore, hyperthermia has generally been studied as an adjuvant to chemotherapy for improving the curative effect, while allowing lower chemotherapy doses to be used (16, 17, (38) (39) (40) (41) . The minimum effective temperature for thermo-chemotherapy appears to be 40-43˚C. One study found that thermo-chemotherapy involving 2 h of hyperthermia at 41˚C induced apoptosis in an increased number of tumor cells, and had more potent anti-tumor effects compared with hyperthermia or chemotherapy alone (42) . Similarly, another study reported that combining 20 µmol/l docetaxel with 2 h of hyperthermia at 40-41˚C induced apoptosis in an increased number tumor cells compared with chemotherapy alone (43) . Additionally, it was reported that the apoptotic ratio increased with increasing hyperthermia temperature. However, the study did not compare thermo-chemotherapy with hyperthermia alone. In addition, few reports have examined the combination of low-dose chemotherapy and microwave-induced hyperthermia at temperatures <41˚C.
In the present study, it was demonstrated that the combination of 5 µg/ml paclitaxel and 2 h of hyperthermia at 40.5˚C induced apoptosis in MCF-7 cells at 24 h post-treatment, and that this pro-apoptotic induction was greater compared with either therapy alone, indicating synergistic action. This synergistic effect became even more apparent when the time following hyperthermia was increased to 48 h compared with 24 h, and when the hyperthermia temperature was 41˚C compared with 40 or 40.5˚C. Therefore, the results from the current study suggest that paclitaxel and mild hyperthermia at temperatures as low as 40.5˚C may induce apoptosis in tumor cells and interact synergistically in order to kill tumor cells.
Notably, it was reported that the combination of 5 or 10 µg/ml paclitaxel and 2 h of hyperthermia at 40˚C was associated with a significantly smaller apoptotic ratio at 24 or 48 h following treatment, compared with paclitaxel treatment alone. Cells treated with the combination therapy demonstrated a proliferative trend. These results are consistent with a previous study that reported that thermo-chemotherapy involving hyperthermia at 39-40˚C increased tumor cell activity (42) . The results from the current study suggest that paclitaxel dosage and hyperthermia temperature require careful optimization in order to enhance the cytotoxicity of paclitaxel, and avoid the promotion of tumor cell growth.
The cytotoxic mechanism of the combination of paclitaxel and mild hyperthermia may involve apoptosis and necrosis. Treating MCF-7 cultures with 10 µg/ml paclitaxel and 2 h of hyperthermia at 40.5 or 41˚C induced tumor cell apoptosis 24 h post-treatment, in a synergistic fashion. At 48 h following treatment, the extent of necrosis was greater compared with that of apoptosis. The extent of necrosis relative to apoptosis was even greater when the hyperthermia temperature was 41˚C. These results are concordant with previous work (44) , and may reflect an enhancement of paclitaxel cytotoxicity at higher temperatures. With increased durations of hyperthermia exposure, the cytotoxic effect of paclitaxel was stronger, and it was demonstrated that cell necrosis prevailed over apoptosis. However, results from Michalakis et al (44) suggested that hyperthermia (at 41.5 or 43˚C) exerted a cytostatic effect to all cell lines, including the human breast cell MCF-7, the ovarian SKOV-3 cell line and the hepatocarcinoma HepG2 cell line. The results of the present study suggested that mild hyperthermia <41.5˚C may induce apoptosis in the human breast cell line MCF-7, and the combination of mild hyperthermia at 40.5-41˚C with low-dose paclitaxel at 5 or 10 µg/ml (IC10/IC20) may exert synergistic anti-tumor effects. This has previously been reported for various other chemotherapy drugs (45, 46) . In conclusion, the present study reports that mild hyperthermia (41˚C) alone may induce apoptosis in the human breast cancer cell line MCF-7, and that this effect is enhanced with increasing lengths of time following hyperthermia. The results further suggest that the combination of mild hyperthermia at 40.5-41˚C with low-dose paclitaxel may exert synergistic anti-tumor effects, which are enhanced at higher hyperthermia temperatures and with longer periods following hyperthermia.
